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ABSTRACT
We study barred galaxies selected from the Illustris cosmological simulation, focusing
on tidally induced bars formed from flyby interactions. To guarantee high enough
resolution we focus on high mass disc galaxies (M∗ > 8.3×1010M). We find that the
fraction of barred galaxies among those (21% at redshift z = 0) is lower in Illustris
than observed in the local Universe, and the fraction grows slightly with redshift. The
bar fraction also increases with the stellar mass and decreases with the amount of gas
in the disc. Only very few bars at redshift z = 0 are formed in secular evolution (∼ 7%)
and most of them are triggered by external perturbers in mergers or flybys. Many of
these bars disappear over time, mostly during secular evolution, which leads to a lower
fraction of bars at redshift z = 0. We then focus on the effect of flyby interactions
on the disc and look at tidally induced bars created by a flyby, or pre-existing bars
influenced by the passage of a perturber. In the latter case, the interaction can enhance
or weaken the bar. During the interaction, the change in the bar strength occurs right
after the pericentre passage. The resulting tidally induced bars tend to be stronger
than the overall bar sample in Illustris. The preferred scenario to create or enhance a
bar seems to be with a strong interaction involving a perturber on a prograde orbit.
Furthermore, the strength of the created bar grows with the strength of the interaction.
Key words: galaxies: evolution – galaxies: fundamental parameters – galaxies: in-
teractions – galaxies: kinematics and dynamics – galaxies: spiral – galaxies: structure
1 INTRODUCTION
Bars are a very common feature in late-type galaxies, their
frequency in the local universe being roughly between 50%
and 70% (Eskridge et al. 2000; Aguerri et al. 2009; Skibba
et al. 2012; Buta et al. 2015; Laine et al. 2016). Besides being
a very visible pattern in the stellar structure of disc galax-
ies, their impact on the galactic dynamics and evolution
is huge. As a non-axisymmetric component, the bar exerts
strong gravitational torques on the galactic structures and
affects the angular momentum redistribution in the whole
galaxy (e.g. Bournaud & Combes 2002; Debattista et al.
2006; Berentzen et al. 2007), driving stellar and gaseous mi-
gration in the disc (Minchev et al. 2010, 2011, Di Matteo
et al. 2013; Halle et al. 2015). Understanding their forma-
tion and evolution is therefore a major goal in the study of
disc galaxies.
Bars form from disc instabilities, and numerical simu-
lations have shown how even small perturbations can even-
tually induce a bar in the centre of an axisymmetric disc
(Noguchi 1987; Gerin et al. 1990; Miwa & Noguchi 1998;
Berentzen et al. 2004). There are thus two ways to form a
bar in disc galaxies, often referred to and opposed as nature
? Contact e-mail: npeschken@camk.edu.pl
vs nurture: either the bar forms in the secular evolution of
the galaxy, or it is triggered by an external perturber. While
in the former case the bar slowly grows over time from inter-
nal disc instabilities, increasing in length and slowing down
(Debattista & Sellwood 2000; Athanassoula 2003; Berentzen
et al. 2007; Okamoto et al. 2015), the latter case involves a
quick elongation of the disc, forming a so-called tidally in-
duced bar (or tidal bar for short). This is generally due to
minor mergers (e.g. Noguchi 1987, Goz et al. 2015) or a close
passage of another galaxy (Gerin et al. 1990;  Lokas et al.
2014; Lang et al. 2014;  Lokas 2018), also called a flyby, re-
sulting in a tidal interaction creating an elongated structure
in the centre (the future bar), often with tidal extensions
in the outer part. In this scenario, the bar formation does
not depend only on the characteristics of the disc, but also
on the parameters of the interaction, such as the mass of
the perturber, its velocity, distance and orbit. In particular,
prograde orbits have been shown to have a bigger impact on
galactic structures than retrograde orbits (Gerin et al. 1990;
Romano-Dı´az et al. 2008; Lang et al. 2014;  Lokas et al. 2015,
2016;  Lokas 2018). However, the parameters relevant for the
formation of a tidal bar are many and not easy to disentan-
gle, so that further work is needed to fully understand them,
with the help of simulations.
Recent simulations manage to create realistic bars in
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disc galaxies, with different extents and morphologies (e.g.
 Lokas et al. 2014; Athanassoula et al. 2016), allowing us
to study in detail the formation mechanisms of bars, their
properties and the stellar orbits constituting them. However,
most of these simulations were run in isolation or, in the case
of tidal bars, in the presence of just one perturber. Although
some real galaxies might be rather isolated, most undergo
constant interactions with each other, and experience many
diverse encounters in their life, especially at higher redshift
(e.g. Hammer et al. 2009). Multiple and repeated interac-
tions, as well as environmental effects, have a strong impact
on the creation and subsequent evolution of a bar in the
galaxy. Indeed, these constant external perturbations can
trigger the creation of a bar, or prevent it, enhance and
strengthen a pre-existing bar, or on the contrary suppress it
(Romano-Dı´az et al. 2008, Zana et al. 2018). In this study,
we aim to study bars with an emphasis on tidal bars, their
formation and evolution in a more realistic framework of
a cosmological context involving diverse interactions, using
the Illustris simulation.
Illustris (Vogelsberger et al. 2014) is a large hydrody-
namical cosmological simulation based on the moving mesh
code AREPO (Springel 2010), which is publicly available
and reproduces many observational results in the area of
galaxy formation and evolution (e.g. Snyder et al. 2015). In
this study, we use the Illustris-1 simulation, which contains
about 18 billion particles in a (106.5 Mpc)3 volume, with
a mass resolution of 4 × 108M for the dark matter and
8.1 × 107M for the gas, and follows the evolution of the
Universe from redshift 127 to 0, with 136 snapshots.
In this paper, we investigate bars in Illustris disc galax-
ies, in particular tidal bars formed from flyby interactions.
In section 2 we look at the general properties of bars in Il-
lustris, while in section 3 we focus on tidal bars triggered
or affected by flyby interactions. We discuss our results in
section 4 and conclude in section 5.
2 BARRED GALAXIES IN ILLUSTRIS
2.1 Selection of disc galaxies
The Illustris simulation provides the SubFind Subhalo cat-
alog (Vogelsberger et al. 2014; Nelson et al. 2015) and the
SubLink merger tree, which allow to track a given galaxy
(called subhalo) over time. To look for bars in Illustris galax-
ies, we first need to find disc galaxies, as we do not want to
consider bars in early-type galaxies. To do this, we used two
parameters given by Illustris: the stellar circularities and the
axis ratios. The circularity parameter  of a stellar particle
is its angular momentum along the rotation axis, divided by
the angular momentum of the corresponding circular orbit.
Therefore, disc particles are expected to have  close to 1.
Illustris provides for every galaxy the fractional mass f of
stars with  > 0.7, which can be used as a measure of the
fraction of stellar mass in the disc component. Therefore,
we define disc galaxies as galaxies having more than 20%
of their stellar mass behaving kinematically as a disc, i.e.
with f > 0.2. We also use the axis ratios to derive the flat-
ness of the galaxy, from the eigenvalues of the stellar mass
tensor M1, M2, and M3, provided by Illustris. The flatness
is defined as the ratio M1/
√
M2M3, where M1 is the lower
eigenvalue. We take 0.7 as a maximum value for a galaxy to
be a disc galaxy, in addition to the f constraint.
We also need to fix a lower limit for the number of
particles in the galaxies we consider, in particular for the
stellar particles, to make sure the stellar disc can form a bar.
After visual inspection we start with 40 000 stellar particles
as a minimum. We find that 46.7% of galaxies with more
than 40 000 stellar particles (M∗ > 3.3×1010M) at redshift
z = 0 are disc galaxies, which makes 1232 disc galaxies.
2.2 Bar strength and bar fraction
We then select those 1232 disc galaxies to look for bars. To
find barred galaxies, we used the A2 parameter (Athanas-
soula et al. 2013), defined from the Fourier components:
am(R) =
∑
i
Mi cos(mφi) (1)
bm(R) =
∑
i
Mi sin(mφi) (2)
A2(R) =
√
a22 + b
2
2
a0
(3)
where R is the cylindrical radius, Mi is the mass of the ith
stellar particle, and φi is its position angle.
For a barred galaxy, A2 as a function of radius shows
a peak close to the centre corresponding to the bar with
the peak higher for stronger bars (some examples are shown
later on in the subpanels of Fig. 5). Therefore, we computed
A2(R) for our disc galaxies, and considered them as barred
if the maximum of A2 within the stellar half-mass radius
is higher than 0.15. Note that a visual inspection is always
needed for all the galaxies of our sample to confirm that
this peak is indeed due to a bar, and not to another non-
axisymmetric component such as spiral arms or tidal tails.
We also remove from the sample those cases where it is not
clear whether there is a bar or not. We find indeed that in
about 11% of the disc galaxies the A2 profile shows a peak
above 0.15 that is not related to a bar component. We define
this maximum value A = A2,max as the bar strength to be
used throughout the whole paper.
We take all disc galaxies (as defined previously) at red-
shift z = 0 with more than 40 000 stellar particles (1232
galaxies) and determine the presence of bars using the value
of A = A2,max as well as visual inspection. This allows us to
measure the fraction of barred galaxies in our sample, which
we plot in Fig. 1 (left panel) as a function of the galaxy
stellar mass. The total stellar mass is provided by Illustris
for each galaxy, but it can sometimes be inaccurate, as the
division of stellar particles among nearby galaxies is not al-
ways reliable. We show an example of a galaxy where the
stellar particles are wrongly attributed by Illustris in Ap-
pendix A. We thus derived the stellar masses ourselves by
fitting the stellar surface density profile of the disc with an
exponential, estimating the disc scale-length and then sum-
ming the masses of all the stellar particles within 10 times
this scale-length, and within 5 kpc vertical distance from the
disc plane.
We see in Fig. 1 (left panel) that the fraction of barred
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Figure 1. Left panel: in red: bar fraction as a function of total stellar mass for all disc galaxies with more than 40 000 stellar particles
at redshift z = 0. In blue: histogram of the stellar masses of these galaxies. In green: bar fraction for the 587 galaxies from Dı´az-Garc´ıa
et al. (2016). Bin size: 0.083 logarithmic units. Right panel: bar fraction as a function of the disc gas fraction at redshift z = 0 for galaxies
in different mass bins. The green curve is for galaxies having between 70 000 and 120 000 stellar particles, the orange one between 120
000 and 180 000 particles and the red curve above 180 000. The black curve is for the total sample of galaxies with more than 70 000
particles. In blue: the histogram of the distribution of corresponding gas fractions in these galaxies. Bin size: 0.01.
galaxies increases with stellar mass, so that low-mass galax-
ies (5.9 × 1010 < M∗ < 8.3 × 1010M) almost never have
bars, while more than 30% of high-mass galaxies (M∗ >
1.5× 1011M) are barred. The bar fraction increasing with
stellar mass is consistent with many recent observational
studies, such as Sheth et al. (2008), Skibba et al. (2012),
Melvin et al. (2014), Dı´az-Garc´ıa et al. (2016), Gavazzi et al.
(2015), Consolandi (2016), Cervantes Sodi (2017). In Fig. 1
we also plotted the results of Dı´az-Garc´ıa et al. (2016) for
comparison with observations, although it is very difficult
to find data for high mass galaxies as in our sample. We see
that at stellar masses between 1010.5 and 1011M we find
much less bars than expected from observations.
Since at low masses we do not find bars in Illustris galax-
ies, we will from now on restrict our analysis to galaxies with
stellar masses higher than 8.3×1010 M to be able to study
the bar frequency, and will refer to this sample as our default
sample (509 galaxies). This mass threshold corresponds to
100 000 stellar particles.
Furthermore, we look for a dependence of the bar frac-
tion on the gas content in the disc. We compute the gaseous
mass in the disc in a similar way as was done for the stellar
mass and derive the gas fraction in the disc, for our sample
of disc galaxies. We plot in Fig. 1 (right panel) the bar frac-
tion as a function of the gas fraction in different mass bins
and find a clear decreasing trend: the more gas the disc has,
the less likely it is to host a bar, for the total sample and for
all mass bins. Note that the bar fraction decreases clearly
up to ∼ 8% of gas, and is then flat and very close to 0.
The increasing trend of the bar fraction with decreasing gas
content is also consistent with observations (Masters et al.
2012; Cheung et al. 2013; Cervantes Sodi 2017), and with
the trend of gas weakening or preventing the formation of
bars seen in simulations (Friedli & Benz 1993; Villa-Vargas
et al. 2010; Athanassoula et al. 2013).
2.3 Redshift dependence
We repeated the analysis of the previous subsection at dif-
ferent redshifts (characteristics of the samples at different
redshifts can be found in Table 1) and found similar results:
increasing trend of the bar fraction with stellar mass, and
decreasing trend with gas fraction. This allowed us to look
at the bar fraction as a function of redshift shown in Fig. 2.
We find an increasing trend with redshift, which is surpris-
ing, as most studies find less bars at high redshift (Sheth
et al. 2008; Melvin et al. 2014; Simmons et al. 2014). Note
that a similar trend is visible in different mass bins for our
sample, which means that it is not related to the resolution,
except perhaps for the lowest-mass galaxies.
However, our sample consists of massive galaxies (M∗ >
8.3 × 1010M), while the decrease of the bar fraction with
redshift is mostly observed for low mass galaxies (e.g. Sheth
et al. 2008; Kraljic et al. 2012). For more massive galax-
ies, the bar fraction has been found to be more or less con-
stant with redshift (Sheth et al. 2008; Jogee et al. 2004;
Marinova & Jogee 2007), or even increasing. In particular,
Cameron et al. (2010) found that for high mass galaxies
(M∗ > 1011M) the fraction of bars tends to increase with
redshift, up to z ∼ 0.6, with values similar to our results.
For the galaxies with at least 100 000 stellar particles (our
default sample, M∗ > 8.3× 1010 M), we see that we have
about 21% of galaxies hosting bars at z = 0. Looking at
the disc gas fraction in galaxies, we find an increase with
redshift, as expected.
Measuring the strength of the bars in the galaxies of
our default sample, we find the strength average of A =
0.24± 0.07 at redshift z = 0. The distribution of the corre-
sponding bar strengths can be found later on in Fig. 8 (top
left panel), with a comparison to observations using Dı´az-
Garc´ıa et al. (2016), who also compute the bar strength from
Fourier decomposition, so the values are directly compara-
ble. We find that our bar strengths, although consistent with
observations, tend to be in the weaker end of values observed
MNRAS 000, 1–?? (2018)
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Figure 2. Bar fraction as a function of redshift for different
ranges of stellar mass. The black curve is for all disc galaxies with
more than 100 000 particles (default sample). The blue curve is
for galaxies having between 70 000 and 120 000 stellar particles,
the green one between 120 000 and 180 000 particles and the red
curve above 180 000.
Table 1. Description of the different samples used in the paper,
for galaxies with more than 100 000 stellar particles.
Sample Number of galaxies
Default sample: disc galaxies at z = 0 509
Barred discs at z = 0 108 (21.2%)
Disc galaxies at z = 0.5 505
Barred disc at z = 0.5 123 (24.4%)
Disc galaxies at z = 1 352
Barred disc at z = 1 98 (27.8%)
Disc galaxies at z = 2 105
Barred disc at z = 2 49 (46.7%)
Interaction sample (flybys & fly-throughs) 121
Flyby sample (only flybys) 79
Bar creations (interactions creating a bar) 50
Reference sample (no interaction) 70
in the local Universe. In Fig. 3 we plot the cumulative frac-
tion of galaxies having a given strength. We see that most
bars at low redshift are relatively weak, with a bar strength
below 0.3. We found that the mean bar strength increases
with redshift, which seems mainly due to the fact that at
higher redshifts the bars are less symmetric and more elon-
gated and perturbed. The increase of the bar fraction with
redshift is striking here, and seems unrelated to whether we
choose to consider weaker or stronger bars.
We tried to take into account more early-type galaxies
that we did not classify as disc galaxies in our sample to see
if this increasing trend with redshift was a selection effect.
We thus constructed a sample of all the galaxies with more
than 100 000 particles that were not selected in our disc
galaxies sample, i.e. with either f < 0.2 or a flatness higher
than 0.7. We then looked at the bar fraction in this sample of
galaxies as in section 2.2. We still found an increasing trend
Figure 3. Cumulative fraction of barred galaxies among disc
galaxies with more than 100 000 stellar particles (default sample),
as a function of their bar strength, for different redshifts. The
dashed vertical line corresponds to 0.15, which we fixed as the
minimum for a galaxy to be considered as barred. The points on
this line thus give the total fraction of barred galaxies.
of the bar fraction with redshift in this sample. Therefore,
the increasing trend of the bar fraction with redshift is not
due to a selection effect.
We now try to understand the increasing bar fraction
with redshift, by following bars over time. Indeed, if the
bar fraction decreases over time, it means that bars must
disappear in one way or another. We take all the barred
disc galaxies at redshift z = 0.5 (123 galaxies), and follow
their evolution over time, to see what happens to the bar. A
significant number of galaxies (55) cannot be tracked as they
fall out of the category of disc galaxies by redshift z = 0,
probably due to minor or major mergers or heating of the
disc. However, we have 68 barred galaxies at redshift z = 0.5
that still are disc galaxies at redshift z = 0. Among those
galaxies, 25 bars disappear during the evolution. By tracking
back the mechanism of the bar disappearance and removing
three unclear cases, we find that 4 bars are short lived, i.e.
they disappear within a few snapshots after their formation.
Furthermore, 4 cases correspond to mergers (both minor and
major) or interactions, and 14 to a secular decrease of the
bar strength until complete disappearance of the bar. We
have checked in the latter case if the disappearance could
be due to the passage of dark satellites, but it does not
appear to be the case. Although there are numerous dark
haloes everywhere in Illustris, their total mass is very low
(∼ 108−109M), and a hypothetical impact of the collision
would affect the bar strength abruptly, instead of the slow
secular decrease we observe over time.
It thus seems that most bars are dissolved in the sec-
ular evolution of the galaxy, without external perturbation;
an example is shown in Fig. 4. One sees a very strong bar
shrinking by itself, until complete disappearance. This is sur-
prising, as bars are expected to grow stronger over time in
the secular evolution phase (e.g. Athanassoula et al. 2013).
We repeated this analysis with the barred galaxies at red-
shift z = 1, and found similar results, although the fraction
of mergers destroying the bar is higher, as expected since
MNRAS 000, 1–?? (2018)
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Figure 4. Disappearance of a bar in secular evolution of a disc galaxy viewed face-on. The three panels show three stages of evolution
in time.
there are more mergers at high redshift. Furthermore, even
for bars surviving over time between redshift z = 0.5 and
z = 0, an important fraction of them tends to decrease in
strength over time, without external perturbation.
Therefore, we conclude that the bar fraction decreasing
over time in Illustris is mostly due to the bars being sup-
pressed in the secular evolution phase of the galaxies, with
the bar strength decreasing over time. This also explains
why our low redshift bars are weaker than the high redshift
ones, and than in observations (see Fig. 8, top left panel).
2.4 Bar length
The A2 profile can also be used to estimate the bar length,
although this is not as straightforward. The end of the bar
is expected to correspond to a drop in A2, so the bar length
could be defined as the radius for which A2 goes below some
threshold value. This threshold could be defined as an abso-
lute value, or as a fraction of the bar strength A = A2,max
(e.g. Athanassoula & Misiriotis 2002; Algorry et al. 2017).
However, in some cases there is no strong drop of A2 at the
bar end, because other features at the end of the bar keep
A2 at a relatively high level. This is in particular the case
when tidal tails appear in the galaxy due to external per-
turbations such as galaxy interactions we will investigate in
section 3. Therefore, we define the bar length as the radius
at which the peak of A2 occurs. Although this does not cor-
respond to the real length of the bar but rather to its lower
limit, it provides us with a typical radius of the bar, is easily
reproducible and consistent for all different types of barred
galaxies in our sample. Making a comparison with a visual
estimation of the extent of the bar, we found that our values
correspond to roughly half of the real bar extent.
We find a mean bar length of 4.7 ± 2.0 kpc at redshift
z = 0 in our default sample of disc galaxies. The corre-
sponding distribution of the lengths can be found later on
in Fig. 8 (bottom left panel). We find no clear trend of the
bar length with the stellar mass or with the gas fraction in
the disc. However, it seems that the bars tend to be longer
at higher redshifts. Again, this seems to be due to the fact
that at higher redshifts our discs appear to be less stable
and exhibit unstable bars, longer and more perturbed.
2.5 Bar pattern speed
We also derived the bar pattern speed of our barred galaxies.
Since the snapshot frequency in Illustris is too low (around
150 Myr between two subsequent snapshots) to be able to
simply derive the pattern speed from the evolution of the bar
position angle over time, we used the Tremaine-Weinberg
method (Tremaine & Weinberg 1984). This method uses the
surface brightness and the radial velocities of the galaxy, and
works both in simulations and observations. The bar pattern
speed Ωp is then given by:
Ωp sin i =
∫ +∞
−∞ h(Y )dY
∫ +∞
−∞ Σ(X,Y )V dX∫ +∞
−∞ h(Y )dY
∫ +∞
−∞ Σ(X,Y )XdX
(4)
where i is the inclination angle of the galaxy, h is a weight
function, Σ is the stellar density in the disc plane, V are the
stellar velocities, and X, Y are the coordinates in the plane
of the sky. We take a two slit offset function as the weight
function, as recommended by Tremaine & Weinberg (1984):
h(Y ) = 1/(1+((Y −Y0)/nw)2−1/(1+((Y +Y0)/nw)2, where
nw is a weighing integer, fixed here at 20, and we take the
height of the slice to be equal to the bar length. We use an
inclination angle of the disc plane of i = 45 degrees.
We performed a test of this method on an N -body simu-
lation of an isolated Milky Way-like galaxy from  Lokas et al.
(2016), as described in Appendix B. The histogram of the
pattern speeds in our default sample can be found later on in
Fig. 8 (top right panel), with a comparison to observations
from Corsini (2011) who also uses Tremaine-Weinberg, and
Font et al. (2017) who use the Font-Beckman method (Font
et al. 2011). We find reasonable values for the pattern speeds
at redshift z = 0 (mean value 14.2± 6.4 km s−1 kpc−1), al-
though in the lower end of the values observed in the local
Universe.
2.6 Origin of bars
We now try to answer the question how the bars present in
Illustris at redshift z = 0 were formed. We take the barred
galaxies of our default sample at this redshift (108 galaxies),
and follow them backward in time to identify the mechanism
responsible for the creation of these bars. In particular, we
look for cases where the bar was formed by a merger or a
MNRAS 000, 1–?? (2018)
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flyby interaction. To do this, we compute the bar strength
as a function of time and look for the moment where the bar
strength drops below 0.15 (still going backwards). We also
inspect the galaxies visually to determine when the bar is
actually created. Once the formation moment is found, we
check whether there is a clear galaxy interaction involved
in it (as checked visually for galaxies with stellar masses
higher than 8 × 108M in a cube of (500 kpc)3 centered
on the galaxy) or if it was formed in secular evolution. We
remove from our sample 26 cases where the bar formation
mechanism is not easy to point out, e.g. when there are
several interactions occurring at the same time, or if it is not
clear whether the bar was triggered by an external galaxy
or not. We find that 50% of bars resulted from a minor
or major merger (in the latter case the bar forms after the
major merger is complete and the disc is created) or multiple
mergers, 42.7% from a flyby, while the rest appear to be
formed in secular evolution (7.3%). Therefore, interaction
events seem to be the most effective way to form a bar, and
we find very few cases of bars formed in isolation in Illustris.
Furthermore, we examine the properties of the disc in
these isolated galaxies before the bar forms. Bars formed in
secular evolution are expected to arise more easily in discs
dominated by the stellar component than in dark matter
dominated ones, as the dark matter halo stabilizes the disc
against bar formation (Hohl 1976; Efstathiou et al. 1982). As
a rough measure of the disc’s susceptibility to bar formation
we use the disc fraction, which we define as the ratio of stellar
mass to the dark matter mass inside one disc scalelength.
We find that all the cases where the bar appears during
the secular evolution of the galaxy have values of the disc
fraction higher than two, i.e. there is at least twice as much
stellar mass than dark matter in the central region of these
galaxies. This is thus consistent with the disc being prone
to form a bar, although a bigger sample of bars formed in
isolation would be needed to confirm this trend.
The fact that there are very few bars formed in secular
evolution might be due to the rather high gravitational soft-
ening length in Illustris (0.7h−1 kpc) which can prevent disc
instabilities because of poor resolution of small scale sys-
tems (Kaufmann et al. 2007). This issue has been discussed
in the context of galaxy formation in Illustris by Torrey et al.
(2015).
Therefore, it seems than in Illustris, bars are mostly
formed at higher redshift by galaxy interactions, but are
then suppressed over time. This thus explains why at high
redshift, when interactions are numerous, one finds more
bars than at low redshift, when many bars have disappeared
in the secular evolution of the galaxies.
3 FLYBY DRIVEN BARS
3.1 Selection of the sample
We will now focus on the cases of flyby events and their
effect on the bar. As in section 2.6, we start with barred
galaxies at redshift z = 0 and look backward in time. This
time however we do not restrict ourselves to the moment of
bar creation but look at every flyby interaction that affects
the bar strength in any way. We keep looking backward in
time until the bar does not exist any more or the number of
stellar particles drops below 40 000 in the galaxy. We define
a flyby interaction as the passage of another galaxy (called
perturber) close to the primary galaxy, with no immediate
merger involved. A merger can follow after the apocentre
passage, but we keep only cases where there are at least
four snapshots between the first pericentre and the moment
of the merging, to be able to isolate the effect of the flyby
event on the central region corresponding to the bar, before
the merger.
We retain only the clear cases where a flyby creates a
bar or impacts the bar strength in the case of a pre-existing
bar. In the latter case, we look for a change of at least 10%
in the bar strength. We discard all the cases (probed by
eye) where several interactions come into play simultane-
ously or when the bar strength variation may not be due to
the considered flyby. In total, this gives us a sample of 121
interaction cases affecting the bar strength, 50 of which are
bar creations. We call this sample the interaction sample. A
summary of the different samples is presented in Table 1.
In Fig. 5 we present six examples from our sample to
show how the interactions can trigger or affect the bar in
Illustris galaxies. We display in each case the evolution over
three snapshots of the primary galaxy and its perturber:
one snapshot before the pericentre, the snapshot closest to
the pericentre, and one snapshot after the pericentre. This
allows us to visualize how an initially unbarred (or weekly
barred) disc develops a (stronger) bar after the pericentre
passage, due to the tidal forces induced by the perturber.
In the subpanels of Fig. 5, we plot the corresponding radial
A2 profiles of the primary galaxy in these six examples. One
can see how each disc develops a peak in the central region
of the A2 profile, corresponding to the bar.
As we often have only a few snapshots showing each of
the flyby events, it is not straightforward to determine the
exact time of the pericentre, as well as the pericentre dis-
tance. We thus decided to interpolate the orbit of the per-
turber galaxy around the primary, using three snapshots in
the vicinity of the pericentre. This interpolation was done us-
ing a parabola with free parameters in the orbital plane (de-
fined from the three subsequent positions of the perturber).
Although simplistic, this approach gives us a first approxi-
mation of the pericentre and realistic orbits. Furthermore,
we interpolated the velocity of the perturber along the orbit.
We assumed the velocity is in the orbital plane, and inter-
polated the x and y components (in the plane) separately,
using again a parabola based on the three snapshot values.
These velocities allowed us to derive the precise time of the
pericentre.
In our interaction sample, there is a number of cases
where the perturber does not go around the primary galaxy
but goes through the primary disc before going out. In this
situation, the tidal forces are not the only ones coming into
play, as the collision can directly disrupt the disc and af-
fect the bar region. We call these interactions fly-through
cases, to distinguish them from the real flybys in our inter-
action sample. To separate these two sub-samples, we use
the interpolated orbits, in particular the interpolated peri-
centre distance. We use the stellar half-mass radii of both the
primary Rh,1 and the perturber galaxy Rh,2 and define fly-
throughs as the cases where the pericentre distance is lower
than the sum Rh,1 +Rh,2, i.e. when both galaxies overlap at
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Figure 5. Illustrations of six cases from our sample of interactions affecting the bar region (figure continued on the next page). Each row
corresponds to a different galaxy and each column is a different snapshot. In a given row one can follow the interaction over time around
the pericentre, from left to right. The galaxy in color scale is the primary galaxy we study and the galaxy in grey scale is the perturber.
The interpolated orbit of the perturber (see section 3.1) is plotted with a red line and the sense of rotation of the primary galaxy as a
red arrow. The coordinates XY always represent the plane of the primary galaxy. Subpanels with the A2 profile as a function of radius
are displayed, with the maximum of A2 indicated with a dotted vertical green line and the half-mass radius with a dotted vertical red
line. In case there is no bar, the maximum of A2 is at the half-mass radius. In the first case a zoom of the primary galaxy is displayed
in the top left corner of each panel.
the pericentre. This gives us 79 cases of flybys and 42 cases
of fly-throughs in our sample.
We also construct a reference sample, containing only
those interacting cases that do not seem to affect the bar
in any way. By that we mean interactions during which the
bar strength of the primary galaxy remains approximately
constant (with variations smaller than 10%, and after visual
inspection). To build this sample, we proceed as previously,
i.e. we follow disc galaxies hosting a bar backward in time
from redshift z = 0 until the moment of bar formation and
look for interactions occurring while the bar strength stays
constant. This is not obvious as the bar strength rarely re-
mains constant for a long time; it can vary due to the many
external perturbations but also undergoes secular evolution
over time. We nevertheless found 70 cases of interactions not
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Figure 5. (continued)
affecting the bar, which we will now refer to as the reference
sample.
3.2 Sample characteristics
We describe here in detail the characteristics of the inter-
action sample. The time of the interaction covers the range
from redshift z = 1.9 (snapshot 69) to redshift z = 0 (snap-
shot 135). The primary galaxy is not necessarily more mas-
sive than the perturber in our interaction events; the pri-
mary can also be a satellite moving close to a bigger galaxy
(the perturber), but we still see it as a flyby (or fly-through)
of the perturber, as we focus on the primary disc. We com-
pute the masses of the primary and the perturber galax-
ies, taken one snapshot before the pericentre, since when
two galaxies are too close, Illustris sometimes wrongly at-
tributes particles to those galaxies. Furthermore, we did not
use the masses provided by Illustris, but instead fitted the
dark matter density profile with an NFW profile to derive
its scale radius, and defined the total mass as the mass of all
the particles inside ten times this scale radius. Histograms
of the total masses of both the primary and the perturber
before the interaction are shown in Fig. 6. One sees that
the primary galaxies are mostly quite massive disc galax-
ies, while most perturbers tend to have lower masses, with
a few exceptions of huge elliptical galaxies. We also display
the histogram of the mass ratios between the primary and
the perturber in Fig. 7. Out of 121 cases, only 24 have a
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Figure 6. Histograms of the total masses of the galaxies involved
in the interactions of our flyby sample, i.e. for the primary galaxies
(in blue) and for the perturbers (in red).
Figure 7. Histogram of the total mass ratios (in log) of the galax-
ies involved in the interactions of our flyby sample. M1 represents
the masses of the primary galaxies and M2 of the perturbers.
perturber bigger than the primary galaxy. This is probably
due to the fact that since most our primary galaxies are
massive, it is not very common to see an interaction with an
even more massive galaxy, while smaller perturbers are very
numerous.
As far as the bars in our interaction sample are con-
cerned, we are interested in comparing their strength, length
and pattern speed to non-perturbed bars. Since these quan-
tities vary with redshift (see section 2), the comparison has
to be done for a given epoch. We thus look at all the galaxies
in our interaction sample with a pericentre passage occurring
between redshift z = 0 and z = 0.21, and compare them to
the sample of all barred galaxies in our default sample (see
section 2.2) at redshift z = 0. We obtain the values of the bar
strength, bar length and pattern speed after the pericentre
in our interaction sample. We derive those values by aver-
aging them over between two and four snapshots after the
pericentre. Indeed, in the snapshot right after the pericen-
tre the bar is often still in formation, and after its creation
its strength can vary quickly over time so that it is safer to
average over a few snapshots.
For the bar strength, we find that the bars affected by
interactions tend to be stronger on average (see Fig. 8, top
left panel) than the mean of all the bars at low redshift,
with the mean value around 0.26 ± 0.06, against 0.24 ±
0.07 in the total sample (where the bars from the interaction
sample have been removed). This result is consistent with
previous studies showing that interactions tend to produce
stronger bars than bars formed secularly (Miwa & Noguchi
1998; Berentzen et al. 2004;  Lokas et al. 2014, 2016). Note
that if we take the standard error on the mean instead of
the standard deviation, we find errorbars of respectively 0.01
and 0.008, so that our mean values seem to be distinct in
both samples. Our bars also tend to be slightly slower in
the interaction sample than in the total sample (see Fig. 8,
top right panel), with a mean value of the pattern speed
13.5± 5.8 km s−1 kpc−1, against 14.2± 6.4 km s−1 kpc−1.
We find standard errors on the mean to be here respectively
1.0 and 0.6 km s−1 kpc−1. Therefore, the uncertainties are
quite large, and the difference in the mean values is quite
small, so the values for both samples remain compatible.
We also tried to probe how fast or slow our bars are
in terms of the ratio of the corotation radius to the bar
length, R (e.g. Debattista & Sellwood 2000). We derive the
corotation radius by computing the circular velocity as a
function of radius R: vcirc(R) = (GM/R)
1/2, where M is
the total mass inside radius R. We then look for the inter-
section between the circular velocity and the bar velocity
vbar(R) = RΩp to derive the corotation radii, which we di-
vide by our bar lengths to obtain R. As our bar lengths
are not directly comparable to observations, neither are our
values of R, but we can compare the values between the
interaction sample and the total discs sample (see Fig. 8,
bottom right panel). With this definition, we find the bars
in the interaction sample to be slightly faster than in the
total sample, with a mean value of 5.6 ± 3.8 (error on the
mean 0.3) for the total sample, and 5.1 ± 2.6 (error on the
mean 0.5) for the interaction sample. This is in contradic-
tion with our bars having a lower pattern speed in the inter-
action sample, which might be due to our corotation radii
being not reliable, or to the choice of defining the bar length
as the maximum of the A2 profile.
As far as the bar length is concerned, we do not see
a significant difference between the interaction sample and
all bars at low redshift (see Fig. 8, bottom left panel), with
the mean value of the bar length 4.7± 2.0 kpc (error on the
mean 0.2) in the total sample, i.e. slightly higher than in the
interaction sample (4.5 ± 1.5 kpc, error on the mean 0.3).
Here again the difference is nevertheless small compared to
the uncertainties.
3.3 Tidally induced bars
3.3.1 Effect of the interaction on the bar region
There are two different scenarios for the tidal bars of our
interactions sample: either there was already a bar in the
primary galaxy before the passage of the perturber, or the
galaxy was at first unbarred. In the latter case, it means that
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Figure 8. Normalized histograms of the bar strengths (top left panel), bar pattern speeds (top right panel), bar lengths (bottom left
panel), and the ratios of the corotation radius and the bar length (bottom right panel), for our flyby sample (in red, the values taken
right after the interaction) and for all bars at redshift z = 0 (in blue). For the strengths and pattern speeds we added observational
values from Dı´az-Garc´ıa et al. (2016), Corsini (2011), and Font et al. (2017). Note that the sample of all z = 0 bars does not include
the bars from our flyby sample, to allow a better comparison. The normalization is such that the integral of the histogram is equal to 1.
For the flyby sample we kept only the interactions happening close to the present time (z < 0.21) to be able to compare to the bars at
redshift z = 0.
the interaction created the bar, while the former case corre-
sponds to interactions affecting a pre-existing bar. The pas-
sage of a perturber can either reinforce the bar (bar strength
increases), or weaken it (strength decreases). We thus have
three subsamples: bar creating interactions (50 cases), bar
increasing interactions (53 cases) and bar decreasing ones
(18 cases). In Fig. 5, the second example is a case of bar
increase, with a very weak bar in the centre being reinforced
by the interaction. All the other cases shown in this Figure
are bar creating interactions, as there is no clear bar in the
centre before the interaction.
To look at the effect of the interaction in more detail,
we examine the bar strength as a function of time, as shown
in Fig. 9 for our six examples from Fig. 5. We find that the
change in the bar strength (whether it is an increase or a de-
crease) seems to happen right after the pericentre passage,
the bar strength being more or less constant before. To char-
acterize this, we find in each case the snapshot at which the
bar strength changes: for the bar creating cases, we take the
time when it becomes higher than 0.15, while for the bar in-
creasing and decreasing cases, we take the maximum of the
bar strength derivative. Plotting this time minus the time
of the pericentre (Fig. 10), we confirm that the bar strength
increase happens right after the pericentre, on average 0.18
± 0.14 Gyr after (0.21 ± 0.16 Gyr for bar creation, 0.17 ±
0.12 Gyr for bar increase and decrease).
We will now try to understand what causes the bar
strength to increase or decrease in our sample. In the fol-
lowing subsections, we look at two parameters, the orbital
angle and the strength of the interaction, to see if they are
responsible for the way the bar is affected by the interaction.
3.3.2 Orbital angle
We define the orbital angle of the interaction as the angle
between the primary disc plane and the plane of the per-
turber’s orbit, i.e. between the primary disc rotation axis
and the angular momentum Lz of the perturber in the pri-
mary galaxy frame. This gives us an angle between 0 and 180
degrees, with 0 corresponding to a prograde interaction (or-
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Figure 9. Bar strength (in red) and distance from the perturber (in blue) as a function of time, for the six cases presented in Fig. 5.
The increase in the bar strength occurs right after the pericentre passage.
Figure 10. Histogram of the difference between the time of
change in the bar strength and the pericentre time of the in-
teraction, in our sample of 121 interactions affecting the bar. The
blue histogram is for interactions creating a bar and the red one
for interactions affecting a pre-existing bar.
bit of the perturber in the disc plane with the disc rotating
in the same sense as the perturber moves on its orbit) and
180 to the retrograde case (orbit of the perturber in the disc
plane with the perturber going in the opposite sense to the
disc rotation). This angle is only relevant for flyby events,
as for a fly-through the perturber goes through the primary
disc instead of orbiting around. Therefore in this section we
restrict ourselves to flyby cases, i.e. 79 interactions.
We derived this angle averaged around the pericentre
passage for our sample of 79 flyby interactions and took the
cosine of the angle to get a normalized distribution, since
the possibilities of the perturbers’s direction with respect
to the primary disc form a solid angle. We plot in Fig. 11
(right panel) the histogram of the orbital angles (in cosine)
in our sample, for the bar creating and bar increasing inter-
actions only. We find that even though the interactions span
the whole range of values of the orbital angle, most inter-
actions creating a bar or increasing the bar strength are at
low orbital angles (cos(θ) ∼ 1), i.e. correspond to more or
less prograde cases. Therefore, prograde interactions seem
to be the preferred way of creating a bar or increasing the
bar strength of a pre-existing bar.
The fact that a prograde orbit of the perturber is more
efficient to create or increase a bar is in agreement with
previous work (Gerin et al. 1990; Romano-Dı´az et al. 2008;
Lang et al. 2014;  Lokas et al. 2015; Gajda et al. 2017;  Lokas
2018), and can be easily understood by looking at the tidal
force acting on the primary galaxy during the interaction.
In a prograde case, the perturber is moving around the pri-
mary galaxy while the latter is rotating in the same sense,
so that the parts of the primary most affected by the tidal
force remain approximately the same over time. Therefore
these parts will be very elongated by the tidal force. On the
contrary, for a retrograde orbit, the parts most affected by
the tidal force will change continuously during the passage
of the perturber as the primary galaxy is rotating in the
opposite direction, so that the elongated parts will not be
consistent over time, and therefore the bar shaped elonga-
tion will be weak. Although a retrograde orbit can still affect
a bar, it will be much less effective in doing so.
3.3.3 Strength of the interaction
Another parameter to take into account is the strength of
the interaction. A small satellite at a large distance is ex-
pected to have less impact on the bar region than a big
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perturber close to the primary disc. To characterize this, we
use the Elmegreen tidal strength parameter S (Elmegreen
et al. 1991), defined as:
S =
Mpert
Mgal
(
Rgal
Rperi
)3
∆T
T
(5)
where Mpert and Mgal are the perturber and primary galaxy
total masses, while Rgal and Rperi are the galaxy size (taken
here as eight times the stellar half-mass radius) and the peri-
centre distance, respectively. ∆T is the time it takes the
perturber to travel one radian around the primary galaxy
centre near the pericentre. To compute it, we use the orbit
interpolation described in section 3.1, as well as the veloc-
ity interpolation of the perturber. T is the time it takes the
stars in the outer parts of the primary disc to travel one
radian around the centre and can be derived with:
T =
(
R3gal
GMgal
)1/2
. (6)
The interaction is thus stronger, as expected, when the per-
turber is more massive than the primary galaxy, the peri-
centre distance is small, and the perturber has a low velocity
with respect to the primary galaxy.
We derived the tidal strength parameter for our sample
of interactions, using the total masses derived in section 3.2,
and using the half-mass radius as derived from an exponen-
tial fit of the stellar density profile for the primary galaxy.
We compare the values obtained for the 79 flyby cases to
the ones of the reference sample (see section 3.1) in Fig. 11.
We find that, as expected, strong interactions tend to sys-
tematically affect the bar, so that the sample of interactions
without effect on the bar have lower Elmegreen parameters.
Furthermore, the top right part of the main plot (middle
panel) in Fig. 11 is mostly red, showing that a strong, pro-
grade interaction is very likely to affect the strength of the
bar, whereas a retrograde weak interaction is not.
Now we would like to check if the strength of the in-
teraction can be linked to the resulting bar properties. In
particular, are the bars obtained after a strong interaction
stronger? We take the bar creating interactions subsample
(50 cases, including both flybys and fly-throughs), and look
at the strength of the bar created by the interaction. As
the bar strength is evolving after the interaction, we aver-
age the bar strength over two snapshots after the pericen-
tre. In Fig. 12 we plot for every bar creating interaction of
our sample the derived bar strength as a function of the
tidal strength parameter. We find a correlation coefficient
of 0.17 and a p-value of 0.0036, showing that stronger in-
teractions do tend to create stronger bars, but with a weak
trend. Stronger bars forming as a result of stronger tidal
forces are consistent with previous studies (Berentzen et al.
2004;  Lokas et al. 2016). The large scatter observed in our
plot can be explained by the fact that other parameters can
come into play in determining the strength of the created
bar. In particular, the orbital angle of the perturber, the
primary disc stability or the gaseous content of the primary
disc, all can directly affect the creation of the bar and its
strength.
We found no correlation of the bar strength increase
with the Elmegreen tidal strength parameter for the bar in-
creasing subsample, which might be due to the fact that in
Figure 11. Top panel: histograms of the Elmegreen tidal
strengths of interactions (in log), for the flyby interaction sample
(79 cases) of bar creating and bar reinforcing cases (in red) and
for the reference sample (i.e. interactions not affecting the bar,
in blue). Right panel: histograms of the orbital angles (in cosine)
for those two samples. Middle panel: orbital angles as a function
of the Elmegreen tidal strengths for these two samples, with red
points for the flyby interaction sample and blue points for the
reference sample. We added a color scale to show whether the
regions are dominated by the interaction sample or the reference
sample: each bin is colored by the fraction of red points in it.
Figure 12. Strength of bars created by a tidal interaction in our
interaction sample (50 cases), as a function of the Elmegreen tidal
strength of the interactions (in log). The black line represents the
linear regression, with a correlation coefficient of r2=0.17 and a
p-value of 3.56× 10−3.
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addition to all these parameters, the pre-existing bar posi-
tion angle with respect to the perturber position may deter-
mine whether the interaction will increase or decrease the
bar strength (Gerin et al. 1990;  Lokas et al. 2014). Unfortu-
nately, our time resolution is not good enough to be able to
accurately derive the bar position angle at the precise time
of the pericentre.
4 DISCUSSION
The barred galaxies we have considered in this paper are in a
high mass range (M∗ > 8.3×1010M), since galaxies of lower
masses do not seem to host enough bars (see section 2.2).
This mass range is higher than in most observational studies
looking at barred galaxies, which can make the comparison
difficult, but Illustris galaxies have been shown to be more
massive than observed in the local Universe (Bottrell et al.
2017). Furthermore, Dickinson et al. (2018) have recently
shown that below stellar masses of 1011M, Illustris galaxies
seem to be unrealistic from the morphological point of view.
This is in good agreement with our 8.3×1010M threshold,
and it thus seems likely that below this value, galaxies are
indeed not realistic enough to produce bars.
In section 2.2, we used the threshold value of 0.15 in the
bar strength to determine whether a galaxy is barred or not
(together with visual inspection). Other studies have used
different values for this threshold, for example Algorry et al.
(2017) who take it to be 0.2. Nevertheless, we have found
in Illustris many galaxies with a bar strength between 0.15
and 0.2 that visually clearly show a bar and thus decided to
adopt 0.15 as sufficient.
The fact that in spite of restricting our study to high
mass galaxies the bar fraction at redshift z = 0 is quite
low (24% at redshift z = 0, while recent studies find bar
fractions around 60%, Eskridge et al. 2000; Aguerri et al.
2009; Skibba et al. 2012; Buta et al. 2015; Laine et al. 2016;
Erwin 2018), might be due to the gravitational softening
scale. As mentioned in section 2.6, it might be harder to
form bars in secular evolution in Illustris, so that we expect
less bars overall. We verified that this low bar fraction is
not related to the way we select galaxies for our analysis,
i.e. changing the flatness or the circularity constraints (see
section 2.1) a little yields similar bar fractions.
The only previous study of simulated barred galaxies
in a cosmological context was published by Algorry et al.
(2017). They used the EAGLE Project (Schaye et al. 2015),
which is a cosmological hydrodynamical simulation based
on GADGET3, simulating a 100 Mpc3 volume containing
nearly 7 billion particles. Looking at the bar fraction at red-
shift z = 0, we find significantly less bars than in the EAGLE
simulation since Algorry et al. (2017) found about 40% of
barred galaxies. We also have weaker bars (see Fig. 3, as
well as Fig. 8, top left panel). This might point to a differ-
ence in the efficiency of bar formation between Illustris and
EAGLE.
Furthermore, the sample of galaxies considered by Al-
gorry et al. (2017) had stellar masses between 1010.6 and
1011M, which in Illustris is too low to form bars consis-
tently (see section 2.2). This may indicate that the reason
why Illustris does not form bars for low mass galaxies is
linked to physical processes, such as baryonic physics. In
particular, the AGN feedback in Illustris has been shown
to be excessive (Genel et al. 2014). Our sample is therefore
composed of more massive galaxies than theirs.
Nevertheless, they find unbarred galaxies to be more
gas-rich, in agreement with our results. Furthermore, Algo-
rry et al. (2017) tend to have low pattern speed values in
their strongly barred galaxies at redshift z = 0 (lower than
6 km s−1 kpc−1) than in our sample of galaxies at this time
(see Fig. 8, top right panel). Even if we restrain our sam-
ple to strong bars as they did, we still find higher values
with a mean over 10 km s−1 kpc−1. Note that the values
we find for Illustris galaxies are more consistent with other
simulations of barred galaxies (both in isolation and tidally
induced, e.g.  Lokas 2018) as well as with observations (Font
et al. 2017, see Fig. 8). We note however that Illustris bars
cover only the lower end of the distribution of pattern speeds
in observed galaxies.
The presence of gas in the disc does not only tend to
suppress bars formed in isolation, but also inhibits the cre-
ation of tidally induced bars, as has been shown in Berentzen
et al. (2004). Since most bars in Illustris seem to be formed
in interactions rather than in secular evolution, this could
explain the low bar fractions we find in gas rich discs, along-
side with the fact that barred gas rich discs will in the long
run weaken or even destroy the bar due to gas inflows to-
wards the centre.
In section 2.2, we found a trend of the bar fraction grow-
ing with the stellar mass of the galaxy. We also studied the
bar fraction as a function of the total galactic mass (includ-
ing stars, gas and dark matter), but did not find any clear
trend. We looked as well for the dependence of the mean
bar strength on the stellar mass, total mass and the disc gas
fraction, but again did not find any clear correlation between
these properties.
In section 3.3.3, we used the Elmegreen parameter S to
characterize the strength of the interaction. This parameter
was originally designed to look at flyby interactions, how-
ever we also used it to characterize fly-through events. Since
the pericentre distance then becomes very small, this leads
to S taking very high values, as can be seen in Fig. 12. Nev-
ertheless, we still believe that this parameter is relevant to
characterize the strength of the interaction in this case, as
fly-throughs are expected to be much more violent than fly-
bys. We also tried to use another definition of this strength,
by computing the tidal force, defined as RgalMpert/D
3 (as in
 Lokas et al. 2016), where Rgal is the primary galaxy’s size,
Mpert is the perturber’s total mass, D is the distance be-
tween the primary and the perturber. We then derived the
integrated tidal force by summing the tidal forces over three
snapshots around the pericentre, using the interpolated orbit
(see section 3.1) and normalizing by the time that passed be-
tween the first and the last of the three snapshots. We found
a weak increasing trend of the created bar strength with the
integrated tidal force, similar to the one in Fig. 12.
Looking at interactions decreasing the bar strength, we
did not find any particular parameter that seemed to be
responsible for this bar decrease. The orbital angles of the
perturber in these cases do not seem to show a preference for
any value, but our sample may be too small (18 galaxies) to
look for a consistent trend of a given parameter to cause the
bar decrease, especially if we restrict ourselves to flybys (12
cases). In the case of prograde perturbers, it might be due to
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the position angle of the bar with respect to the perturber’s
position at the pericentre. However, this is very difficult to
probe in Illustris given the time resolution.
The fact that bars tend to decrease in strength over
time, leading to a significant number of bar disappearances,
is interesting and puzzling, since we usually expect bars to
grow stronger over time, as shown in simulations of isolated
galaxies (e.g. Athanassoula et al. 2013). However, in a cos-
mological context this scenario may not hold and it would
be interesting to conduct this study in other cosmological
simulations, such as the new IllustrisTNG (Pillepich et al.
2018). This is however in contradiction with the results of
EAGLE (Algorry et al. 2017) where the bars tend to grow
stronger over time. This may indicate again a problem in
the bar formation and evolution in Illustris.
Nair & Abraham (2010) found a bimodal distribution
of the bar fraction as a function of stellar mass, with the
fraction increasing both at high and at low masses, with a
minimum at intermediate masses. However, if we restricted
this bimodal distribution to the mass range we consider in
the left panel of Fig. 1 (M∗ > 8.3×1010M), we would only
see the increasing trend towards higher masses. Therefore
our results are consistent with this bimodal distribution.
5 SUMMARY AND CONCLUSIONS
We studied barred galaxies in the Illustris simulation, with
the emphasis on bars formed from flyby interactions. We
constructed a sample of disc galaxies in Illustris with masses
higher than M∗ > 8.3 × 1010M (100 000 stellar particles)
and found that 21% of them are barred. This fraction is lower
than in observations, possibly because of a too high softening
length in Illustris, preventing the spontaneous formation of
bars, or because of the issues related to the baryonic physics.
We derived the bar strengths, lengths and pattern speeds of
these barred galaxies and found our values to be in the lower
end of observations for the strength and pattern speed. The
bar fraction in Illustris disc galaxies increases with the total
stellar mass and decreases with the amount of gas in the
disc, consistently with observations. Below 8.3×1010M we
find almost no bars at redshift z = 0 in disc galaxies, which
could point out to a resolution issue for low and intermedi-
ate mass galaxies, in agreement with recent work on Illustris.
We find the bar fraction to increase with redshift, which is in
contradiction with observations, and the bars at higher red-
shifts (up to z = 2) to be often perturbed and asymmetric,
so that the bar length and bar strength also tend to increase
with redshift.
We investigated the time evolution of bars to under-
stand why we have less bars at low redshift, and found
that the main mechanism responsible for bar disappearance
seems to be secular shrinking of the bars, without external
perturbations involved. Looking at the origin of the bars at
redshift z = 0, we found that very few were formed in secu-
lar evolution, while most of them were created in mergers or
flyby events. Illustris thus forms bars at high redshift mostly
from interactions, but those bars then slowly disappear over
time in the secular evolution of the galaxy, which leads to
less numerous and weaker bars at low redshift.
We then focused on the effect of flybys on the bar for-
mation and evolution. We selected a sample of 121 galaxies
undergoing a flyby interaction, which either creates a bar
or affects the strength of a pre-existing bar. We found that
the corresponding change in the bar strength happens right
after the pericentre passage. These tidally affected bars tend
to be stronger than average. We interpolated the orbit of the
perturber around the primary galaxy close to the pericen-
tre, to obtain better precision in the values of the distance
and velocity. We then investigated different parameters of
these interactions, in particular their strength and their or-
bital angle, i.e. the angle between the perturber’s orbit and
the disc plane of the primary. We characterized the strength
of the interaction with the Elmegreen strength parameter.
We found that the preferred scenario to create a bar or to
enhance it is with a perturber on a prograde orbit and in-
teracting strongly (e.g. with a small pericentre distance or a
big mass for the perturber). Moreover, in interactions lead-
ing to the creation of a bar, the strength of the created bar
is proportional to the strength of the interaction.
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APPENDIX A: UNCERTAINTY IN MASS
ESTIMATES
In this Appendix we demonstrate how important it is to re-
compute galaxy masses from particle distributions, instead
Figure A1. Example of a disc galaxy with wrongly attributed
stellar particles. The image shows stellar density distribution in
the face-on view. The red circle coresponds to 10 times the scale-
length of the exponential fit of the stellar surface density profile.
of taking the masses provided by Illustris. We show an ex-
ample of the stellar distribution of a disc galaxy seen face-on
in Fig. A1, where we take all the stars Illustris defined as
being part of this galaxy (called subhalo). One can see that
although the galactic disc seems to extend only up to ∼ 50
kpc, there are many stars that were attributed to this galaxy
that are clearly outside the galaxy, up to 650 kpc away. Some
of those stars are stars from other nearby galaxies wrongly
attributed to our galaxy, as one can see from the smaller
stellar concentrations within 200 kpc of the main galaxy.
Those galaxies are in interaction, which confuses the Il-
lustris algorithm to attribute the stars. There are also stars
further away that are probably remnant of mergers or in-
teractions, and are still attributed to our main galaxy. All
those stars do not seem relevant to take into account for our
study, as they are not part of the galactic disc, both dynam-
ically and from their positions, and this is why we decided
to remove them. As described in section 2.2, we thus fit the
stellar surface density profile with an exponential, and keep
only the stars within 10 times the corresponding scalelength.
The latter corresponds to the red circle in Fig. A1. In this
example, this gives us a total stellar mass of 2.05×1011M,
instead of 2.61× 1011M if we take all the stars attributed
to this galaxy by Illustris, which corresponds to a decrease
of about 22 %.
Note that to do our exponential fit we do not use the
whole stellar distribution in the surface density profile, since
this would mean taking into account the stars that might be
wrongly attributed. We take all the stars within 5 times the
half mass radius as provided by Illustris, use those stars to
compute our own half-mass radius, and then derive and fit
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16 N. Peschken and E. L.  Lokas
Figure B1. Bar pattern speed as a function of time for a higher
resolution simulation of a barred galaxy. For the black line the
pattern speed is measured directly from the bar position angle
over time, while the dots represent the Tremaine-Weinberg mea-
surements of the pattern speed, where the bar is rotated by dif-
ferent angles.
the stellar surface density profile within 2 times this half-
mass radius.
APPENDIX B: TESTS OF THE
TREMAINE-WEINBERG METHOD
In this Appendix we describe how we verified the reliability
of the Tremaine-Weinberg method to derive the bar pat-
tern speed, using a higher resolution simulation. The sim-
ulation was taken from  Lokas et al. (2016) and involved
a Milky Way-like spiral galaxy built in isolation with a
NFW dark halo and an exponential disc, with each com-
ponent having 106 particles. The halo had a virial mass of
7.7 × 1011M and concentration of 27, while the disc had
a mass of 3.4 × 1010M, a scalelength of 2.82 kpc and a
thickness of 0.44 kpc. The simulation was run for 10 Gyr
and started to develop a bar after about 3 Gyr. We take
the last 40 consecutive outputs of this simulation, spaced
by 0.05 Gyr, when the bar is already well developed, and
measure the bar angle in each output. We then derive the
bar pattern speed by taking the angle difference between two
snapshots. While this is impossible to do in Illustris given the
low time resolution, it can be done for this simulation given
the short time between snapshots, which is such that the
bar rotates much less than 180 degrees during this period.
We use this pattern speed as a reference to which we com-
pare the pattern speed derived with the Tremaine-Weinberg
method. We compute the latter using equation (4), with the
same parameters as in section 2.5, and try different values
of the bar position angle. We then compare both methods in
Fig. B1, by plotting the pattern speed as a function of time.
We see that the agreement is very good, both methods giving
results which are similar within 10%.
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